Although the GP is a key determinant of STN activity, correlated GP-STN activity is rare under normal conditions. Here we define fundamental features of the GP-STN connection that contribute to poorly correlated GP-STN activity. Juxtacellular labeling of single GP neurons in vivo and stereological estimation of the total number of GABAergic GP-STN synapses suggest that the GP-STN connection is surprisingly sparse: single GP neurons maximally contact only 2% of STN neurons and single STN neurons maximally receive input from 2% of GP neurons. However, GP-STN connectivity may be considerably more selective than even these estimates imply. Light and electron microscopic analyses revealed that single GP axons give rise to sparsely distributed terminal clusters, many of which correspond to multiple synapses with individual STN neurons. Application of the minimal stimulation technique in brain slices confirmed that STN neurons receive multisynaptic unitary inputs and that these inputs largely arise from different sets of GABAergic axons. Finally, the dynamic-clamp technique was applied to quantify the impact of GP-STN inputs on STN activity. Small fractions of GP-STN input were sufficiently powerful to inhibit and synchronize the autonomous activity of STN neurons. Together these data are consistent with the conclusion that the rarity of correlated GP-STN activity in vivo is due to the sparsity and selectivity, rather than the potency, of GP-STN synaptic connections.
I N T R O D U C T I O N
The reciprocally connected GABAergic globus pallidus (GP) and glutamatergic subthalamic nucleus (STN) form a key network within the basal ganglia, a group of subcortical brain nuclei that are critical for voluntary movement and the principal site of pathology and dysfunction in Parkinson's disease (PD) (Albin et al. 1989; DeLong 1990; Graybiel et al. 1994; Hornykiewicz 2006; Israel and Bergman 2008) . Although the GP and STN are reciprocally connected (Shink et al. 1996; ) and GP and STN neurons powerfully pattern each other's activity (Baufreton et al. 2005; Bevan et al. 2002; Hallworth and Bevan 2005; Hanson et al. 2004; Maurice et al. 1999; Nambu et al. 2000) , temporally correlated firing within and between the GP and STN is detected rarely at rest or during normal motor function (Mallet et al. 2008a; Raz et al. 2000; Urbain et al. 2000; Wichmann et al. 1994) . In contrast, widespread, correlated GP-STN activity emerges in association with the motor symptoms of PD Levy et al. 2000; Moran et al. 2008; Raz et al. 2000) . The detrimental nature of hyper-synchronous activity is further evidenced by the fact that normalization of GP and STN activity through administration of L-DOPA or high-frequency electrical stimulation of the STN profoundly ameliorates the motor symptoms of PD (Benabid 2003; Brown et al. 2001; Hamani et al. 2006; Levy et al. 2001) . It is therefore imperative to determine the principles that maintain decorrelated GP-STN activity under normal conditions. To address this issue, a series of anatomical and electrophysiological studies were carried out in rats, a species that exhibits normal and pathological patterns of GP and STN activity that are analogous to those reported in human and non-human primates (Magill et al. , 2001 Mallet et al. 2008a,b; Urbain et al. 2000) .
The anatomical substrates through which GABAergic GP neurons influence the STN, including the number and spatial distribution of target neurons and the placement of synapses are likely to be major determinants of the level of correlation between the GP and STN (Terman et al. 2002) . Indeed studies of cortex, which normally exhibits greater synchronization than GP and STN, suggest that GABAergic inputs are essential for correlated activity (Csicsvari et al. 2003; Fuchs et al. 2007; Hasenstaub et al. 2005) . By innervating a high proportion of neighboring pyramidal neurons and forming multiple synaptic connections close to the site of action potential initiation, individual GABAergic interneurons potently synchronize cortical activity (Cobb et al. 1995; Halasy et al. 1996; Kraushaar and Jonas 2000) . Our first objective was therefore to determine whether the structural organization of the GABAergic GP-STN connection contributes to decorrelated STN activity by mapping the number and distribution of GP-STN terminals that arise from individual GP neurons, stereological estimation of the total number of GABAergic GP-STN synapses, and correlated light and electron microscopy of individual GP-STN axons.
Our second objective was to determine whether inputs arising from single or small numbers of GP neurons decorrelate or correlate the activity of STN neurons. This objective was addressed in brain slices first through minimal stimulation of GP-STN axons during recordings of neighboring STN neurons and second, through the injection of a range of synthetic synaptic conductances (Robinson and Kawai 1993; Sharp et al. 1993) , the magnitude and kinetics of which were informed by the estimates described above and measurements of miniature and evoked GP-STN transmission.
M E T H O D S
All procedures involving the use of experimental animals were carried out in accordance with the American Physiological Society, Northwestern University's Institutional Animal Care and Use Committee and the Animals (Scientific Procedures) Act 1986 (United Kingdom).
Number and targets of GP-STN terminals arising from single GP neurons
Labeling of single neurons with neurobiotin (Vector Laboratories; Burlingame, CA) was carried out in 10 adult rats (6 Wistar and 4 Sprague-Dawley) that were deeply anesthetized with ketamine (100 mg/kg ip; Ketaset, Willows Francis, Crawley, UK) and xylazine (10 mg/kg ip; Rompun, Bayer, Germany) using the juxtacellular technique as described previously Magill et al. 2000; Pinault 1996 ). Ten to 14 h after labeling, animals under the same anesthetic were perfused with 20 -50 ml phosphate buffered saline, 300 ml 0.3% glutaraldehyde and 3% paraformaldehyde in 0.1 M phosphate buffer (PB) and 200 ml of 3% paraformaldehyde in PB. Sagittal sections (50 -70 m) of brain were prepared with a vibratome (VT1000s, Leica Microsystems, Nussloch, Germany) and then rendered permeable through 0.3% Triton X-100 (light microscopy) or freeze-thawing in cooled isopentane and liquid nitrogen (electron microscopy). Neurobiotin was revealed by incubations in avidinbiotin peroxidase complex (1:100, Vector Laboratories) and then hydrogen peroxide and diaminobenzidine (DAB, Sigma-Aldrich, St Louis, MO) in the presence or absence of Ni 2ϩ . Sections were then processed for light microscopy only or correlated light and electron microscopy as described previously . Digital images of labeled GP neurons were acquired using a microscope equipped with a CCD camera (Axioskop/Axiocam, Zeiss, Oberkochen, Germany).
The boundaries of the GP and STN and the location of labeled GP neurons and GP-STN axon terminals were charted with a microscope (DM LB, Leica Microsystems) equipped with a Neurolucida reconstruction system (MicroBrightfield, Williston, VT). In material that was not postfixed with OsO 4 there was shrinkage in the z axis but not the y or x axes. Z coordinates were therefore corrected for shrinkage (Zheng and Wilson 2002) . Shrinkage was negligible in sections that were postfixed with OsO 4 , as described previously (Kincaid et al. 1998) . The coordinates encoding the boundaries of terminal fields and positions of terminals were plotted using Igor Pro 6 (Wavemetrics; Lake Oswego, OR). For comparison with GP-STN terminal distributions, fields of randomly distributed terminals were simulated using a pseudorandom number generator. Simulated terminals were then subjected to a "crossings test," an application of Jordan Curve Theorem (Haines 1994; Press et al. 1992) , to ensure that they resided within the boundaries of GP-STN fields.
Several clusters of labeled GP-STN terminals were re-sectioned using an ultramicrotome (UCT, Leica Microsystems). Serial ultrathin sections through GP-STN terminals were then mounted on pioloformcoated slot grids, stained with lead citrate and examined and photographed using an electron microscope (Jeol 1200, Jeol USA, Peabody, MA) .
Stereological analysis of the GP-STN connection
Two adult Sprague-Dawley and two Wistar rats were perfused with fixative, as described in the preceding text except that 300 ml of 5% glutaraldehyde was employed. Serial 70-m sagittal sections of the STN were then cut and prepared for light and electron microscopy. The boundaries of the STN on each section were then charted with Neurolucida. The volume of the STN in each hemisphere was estimated using the Cavalieri method. The volume of the STN in each section was first calculated by multiplying the area of the STN by the thickness of each respective section. The total volume of the STN in each hemisphere was then calculated by summing the volume of STN in each section (West 1999) .
Serial ultrathin sections from four regions of the STN were collected and processed for the detection of GABA-immunoreactivity using the postembedding immunogold technique . Grids were washed in 0.05 M Tris buffer containing 0.9% NaCl and 0.01% Triton X-100 and then incubated sequentially in 1:25,000 rabbit anti-GABA antiserum (A2052; Sigma) and 1:100 15 nm goldconjugated goat anti-rabbit IgG (British BioCell, Cardiff, UK). The grids were then washed and prepared for viewing in the electron microscope. Adjacent pairs of ultrathin sections of similar thickness (50 -70 nm) (Small 1968) were examined at ϫ15,000 -20,000 using the "dissector" technique to determine the density of GP-STN synapses (West 1999) . Each pair of electron micrographs represents two "dissectors" with micrograph 1 acting as the "reference" section and micrograph 2 acting as the "look-up" section and vice versa. GABAimmunoreactive structures by definition possessed a density of immunogold particles that was more than five times the immunoreactivity of glutamatergic STN neurons. Synapses were counted if they were GABA-immunoreactive and symmetrical and present in the reference but not the look-up section. The density of GABAergic symmetrical (putative GP-STN) synapses was determined by the total number of "counted" synapses divided by the total sample volume (sample volume per reference section ϭ sample area ϫ reference section thickness). The total number of GABAergic symmetrical (putative GP-STN) synapses in the STN was then estimated by multiplying the density of synapses by the volume of the STN as estimated in the preceding text.
Physiological properties of the GP-STN connection
Sagittal (300 m thick) brain slices through the STN were prepared from 18-to 25-day-old Sprague Dawley rats as described previously (Baufreton and Bevan 2008) . Individual slices were recorded in a chamber that was perfused with media that was heated to 37°C, equilibrated with 95% O 2 -5% CO 2 , and contained (in mM) 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4 .H 2 O, 1.6 CaCl 2 .2H 2 O, 1.5 MgSO 4 .7H 2 O, 10 glucose, and 26 NaHCO 3 . Neurons were visualized under infrared gradient contrast video microscopy (Infrapatch workstation; Luigs and Neumann, Ratingen, Germany). Somatic patch clamp recordings were made using 2-5 M⍀ pipettes. GABA A receptor-mediated inhibitory postsynaptic currents (IPSCs) were evoked by bipolar minimal electrical stimulation of internal capsular fibers rostral to the STN (10 -500 A; A360 stimulus isolator; World Precision Instruments, Sarasota, FL). This region contains the main descending axons of GP neurons and is rostral to point where GP axons branch and give rise to collaterals in the STN Kita and Kitai 1994) . The poles of stimulation were selected from a 20-electrode matrix (Frederick Haer, Bowdoinham, ME). For the recording of evoked IPSCs or miniature IPSCs (mIPSCs, in the presence of 1 M TTX) at Ϫ60 mV, pipettes were filled with (in mM) 135 CsCl, 3.6 NaCl, 1 MgCl 2 , 10 HEPES, 10 QX-314, 0.1 Na 4 EGTA, 0.4 Na 3 GTP, and 2 Mg 1.5 ATP. GABA A receptor-mediated IPSCs were isolated by bath application of
, and 20 M 6,7-dinitroquinoxaline-2,3-dione (DNQX) to block GABA B , N-methyl-D-aspartate (NMDA), and AMPA-kainate receptors, respectively. In several cases, a GABA A receptor antagonist (20 M GABAzine) was bath-applied to confirm that IPSCs were indeed mediated by GABA A receptors.
For the injection of synthetic synaptic conductances in currentclamp mode, pipettes were filled with (in mM) 135 KMeSO4, 3.8 NaCl, 1 MgCl 2 , 10 HEPES, 0.1 Na 4 EGTA, 0.4 Na 3 GTP, and 2 Mg 1.5 ATP. For perforated-patch recordings, the pipette solution also contained gramicidin D (15 g/ml; Sigma). Single synthetic inhibitory postsynaptic potentials (IPSPs) were generated using a SM-1 conductance injection amplifier (Cambridge Conductance, Cambridge, UK), as described previously (Baufreton and Bevan 2008; Baufreton et al. 2005) . Spontaneous synaptic transmission was blocked, as in the preceding text. Electrophysiological data were recorded using a Multiclamp 700B amplifier controlled by Clampex 10 (Molecular Devices, Union City, CA), digitized at 10 -50 kHz and low-pass filtered at 2-10 kHz. Junction potentials were corrected, as described previously (Baufreton and Bevan 2008) .
IPSCs were detected and analyzed using miniAnalysis (Synaptosoft, Decatur, GA) and Clampfit 10 (Molecular Devices). The kinetics of IPSCs were obtained using Clampfit 10 (Molecular Devices). The conductance (g) underlying IPSCs was calculated from g ϭ IPSC peak /(V m -EGABA A ), where IPSC peak is the peak amplitude of the IPSC and V m is the holding voltage. The equilibrium potential of GABA A current (EGABA A ) was estimated from the Nernst equation (Nernst 1888) and the relative permeabilities of Cl Ϫ and HCO 3 Ϫ through GABA A receptors (Staley et al. 1995) : 
Statistics
Data are reported as means Ϯ SD. Paired and unpaired datasets were compared using the nonparametric Wilcoxon signed-rank (WSR) and Mann-Whitney U test (MWU) tests, respectively. Data were considered significantly different if P Ͻ 0.05. Descriptive and comparative statistics were generated using Origin 7, Igor Pro 6 and Prism 4 (GraphPad Software, La Jolla, CA).
R E S U L T S

Connectivity of single GP neurons and estimation of the total number of GP-STN terminals
Serial sections of 10 GP neurons that were juxtacellularly filled in vivo with neurobiotin were first examined in the light microscope. Each neuron was labeled by a dense brown DAB or black (Ni 2ϩ /DAB) reaction product ( Fig. 1) . As described previously, rat GABAergic GP neurons could be divided into . A and B: light micrographs of single GP neurons that were juxtacellularly labeled in vivo. In A, the tissue has also been immunolabeled for parvalbumin, which is expressed by a subpopulation of neurons in the GP. The juxtacellularly labeled GP neuron, which was revealed using diaminobenzidine (DAB) in the presence of Ni 2ϩ , is easily distinguished from parvalbumin immunoreactive neurons, which were revealed using DAB, on the basis of labeling intensity and color (not apparent here). C, 1 and 2: labeled axonal boutons (small arrows) arising from a GP axon occurred in small clusters that were distributed at low density across the STN. The dashed lines mark the boundary between the striatum (CPu) and GP in A and B and the boundary between the zona incerta (ZI) and the STN in C1 and C2. The internal capsule (IC) underlying the STN is visible in C1. Scale in A also applies to B. Scale in C1 also applies to C2. two classes on the basis of their axonal projections Kita and Kitai 1994) . Each GP neuron possessed local axon collaterals and projected to the entopeduncular nucleus, STN and substantia nigra, but two of these neurons also projected to the striatum. It is likely that the GP-STN connection of each neuron was labeled in its entirety because more distal collaterals were also strongly labeled. As GP-STN axonal boutons formed synaptic contacts when examined by electron microscopy, they were assumed to be synaptic terminals. The number of GP-STN axon terminals arising from single neurons were similar in Wistar and Sprague-Dawley rats (Wistar ϭ 246 Ϯ 128 terminals, n ϭ 6 neurons; SpragueDawley ϭ 238 Ϯ 147 terminals, n ϭ 4 neurons). Thus the data were pooled, yielding a mean of 243 Ϯ 147 (range, 46 -455) terminals per GP neuron. Although the range of data was large, the distribution of data across the sample population was not significantly different from a Gaussian distribution (ShapiroWilk test, P ϭ 0.444).
Stereological estimation of the number of rat GP neurons is 46,000 (Oorschot 1996) . Although basal forebrain cholinergic neurons are also present in the GP, physiological and anatomical studies suggest that these neurons comprise ϳ5% of the neurons in the GP (Cooper and Stanford 2000; Gritti et al. 2006; Zaborsky et al. 1999) . As the majority (ϳ95%) of GP neurons are GABAergic neurons that project within the basal ganglia, the total number of GP-STN terminals was estimated to be 10.6 million (46,000 GP neurons ϫ 0.95 ϫ 243 terminals per GP-STN neuron).
Stereological estimation of the total number of GP-STN synapses
GP neurons possess axon terminals that, in some cases, appear to possess multiple sites of neurotransmitter release (synapses) (Bevan et al. 1997; . Therefore the total number of GP-STN synapses may be greater than the total number of GP-STN terminals. To determine the total number of GP-STN synapses, the volume of the STN and the density of GP-STN synapses were estimated using the Cavalieri and dissector techniques, respectively (West 1999) . Analysis of Wistar and Sprague-Dawley rats revealed that the volume of the STN in the two strains was similar (Wistar ϭ 0.241 Ϯ 0.032 mm 3 , n ϭ 2 rats, 4 hemispheres; Sprague-Dawley ϭ 0.211 Ϯ 0.018 mm 3 , n ϭ 2 rats, 4 hemispheres). The data were therefore pooled, and the volume of the STN was estimated to be 0.226 Ϯ 0.029 mm 3 . Four blocks of STN tissue were prepared from 70-m sections taken from the animals in which the Cavalieri technique was applied. Ultrathin sections were then taken from each block and labeled for GABA immunoreactivity using the postembedding immunogold technique. Adjacent pairs of sections were examined and photographed at a magnification of ϫ15,000 -20,000. The dissector technique was then applied to estimate the density of GABA-immunoreactive symmetrical synapses in the STN (Fig. 2) . Although the GP is the predominant source of GABAergic terminals in the STN, the mesopontine tegmentum provides a minor GABAergic input to the STN . However, these two afferents may be distinguished on the basis of morphological properties because GP-STN synapses are symmetric and those derived from the brain stem are asymmetric Bevan et al. , 1997 , n ϭ 2 blocks). Therefore the data were pooled and the density of GP-STN synapses was estimated to be 53.1 Ϯ 15.7 million mm )] was therefore estimated to be 12.0 million. Because the number of GP-STN synapses (12.0 million) is greater than the number of GP-STN terminals (10.6 million) these data confirm that some GP-STN terminals form more than one synapse.
Estimation of divergence and convergence in the GP-STN connection
Using the figures derived above, it is possible to calculate that an individual GP neuron forms ϳ275 synapses in the STN (12.0 million synapses/(46,000 ϫ 0.95) GP neurons]. Stereological analyses have shown that the rat STN contains 13,600 neurons (Oorschot 1996) . Thus if each GP synapse was formed with a different STN neuron, an individual GP neuron would contact ϳ275 neurons, i.e., 2.0% of all STN neurons. As the average number of GP synapses per STN neuron is 883 (12.0 million synapses/13,600 STN neurons), the maximum number of GP neurons that could provide synaptic input onto a single STN neuron is also 883, which represents 2.0% of the 43,700 GP neurons that innervate the STN. Together these figures, which represent the maximum degrees of divergence and convergence, demonstrate that an individual GP neuron innervates a small proportion of STN neurons and that an individual STN neuron receives inputs from a similarly limited fraction of GP neurons.
Spatial distribution of synaptic terminals arising from individual GP neurons
The figures estimated in the previous section define an upper limit on the degree of divergence and convergence in the GP-STN connection. However, individual GP neurons may form multiple synaptic contacts with an individual STN neuron because as stated in the preceding text, individual GP-STN terminals may form multiple contacts with the same postsynaptic neuron and multiple GP-STN terminals arising from individual GP neurons may terminate on the same postsynaptic neuron. Indeed, multiple GP-STN terminals arising from a single GP neuron often clustered around individual STN neurons (Fig. 1) .
To test for clustering of GP-STN terminals, the terminal distributions arising from the 10 labeled GP neurons were compared with an equal number of terminals arranged at random within an equivalent three-dimensional space. For each GP neuron, the GP-STN terminal field possessed a greater proportion of extreme interterminal distances than the simulated random field (e.g., Figs. 3, A and B, and S1, A and B). minals was significantly smaller for GP-STN than simulated fields (Figs. 3C and S1C; GP-STN ϭ 8.8 Ϯ 3.2 m, n ϭ 10 fields; randomly distributed fields ϭ 19.2 Ϯ 2.3 m, n ϭ 10 simulated fields, with each simulated field representing an average of 10 "runs"; WSR test, P ϭ 0.0019). Nearest neighbor frequency distributions for GP-STN and simulated fields (normalized to the total number of nearest neighbor distances for each field) were well fitted by log normal plots with peaks of 3.5 and 14.8 m, respectively ( Fig. 3C ; for GP-STN fields, 2 ϭ 3.63, df ϭ 27, P ϭ 0.99; for simulated fields, 2 ϭ 20.13, FIG. 2. Estimation of the density of GABA-immunoreactive GP-STN synapses. A-C, 1 and 2: examples of pairs of adjacent ultrathin sections in which GABA-immunoreactive symmetrical synaptic contacts (arrows) were "counted" using the dissector technique, i.e., they were present in the "reference" section (A1, B1, C1) but not in the adjacent "look-up" section (A2, B2, C2). Note the relatively high density of immunogold particles in terminals (*) that form symmetrical synaptic contacts compared with immunonegative structures such as terminals (F) that form asymmetric synaptic contacts (arrowhead) or the dendrites (d) or somata (s) of STN neurons. Two GABA-immunoreactive terminals formed symmetrical synapses in both sections (A) and were therefore not counted. Myelinated GABA-immunoreactive axons (a) are also present in some micrographs (B and C). Scale bar in C2 applies to each panel.
df ϭ 36, P ϭ 0.98). Thus GP-STN terminals are arranged in a spatially heterogeneous, clustered pattern.
Correlated light and electron microscopic analyses were then utilized to test the hypothesis that terminal clusters represented multiple synaptic contacts between individual GP axons and single STN neurons. Two regions of the STN derived from two animals were examined (Figs. 4 and S2 ). In the first tissue block (derived from a Sprague-Dawley rat), 11 boutons were examined by correlated light and electron microscopy (Fig. 4) . Each bouton identified at the light microscopic level corresponded to a synaptic terminal. Six terminals established symmetrical synaptic contacts with the soma and proximal dendrite of a single STN neuron. The other terminals established contacts with dendrites that may have arisen from the same or different STN neurons. Three of these other terminals established synaptic contacts with a single dendrite. Another terminal and a nonvaricose section of axon established synaptic contacts with another dendrite, and a further dendrite received synaptic input from a single labeled terminal. Although previous reports have suggested that individual GP terminals possess multiple active zones (Bevan et al. 1997; ) it was not possible to conclusively distinguish between Red dots represent an equivalent number of terminals that have been arranged at random (simulated) within the volume occupied by the GP-STN terminal field, the boundaries of which are indicated (for each tissue section) by gray lines. B1: comparison of frequency histograms of all interterminal distances for GP-STN (black) and simulated (red) terminal fields indicates that the GP-STN field possessed a greater proportion of interterminal distances at the extremes of the distribution. B2: subtraction of the simulated field from the GP-STN field confirmed this trend. C1: the distance between nearest neighboring terminals was smaller for the GP-STN terminal field (black) than the simulated field (red). C2: population data from 10 labeled GP neurons confirms that the distance between nearest neighboring terminals was smaller for GP-STN than simulated terminal fields. GP-STN and simulated fields were well fit by a log normal distribution with peaks at 3.5 and 14.8 m, respectively.
irregularly shaped contiguous synapses and separate synapses due to the dense terminal labeling. In a second tissue block (derived from a Wistar rat), 11 boutons were examined (Fig.  S2) . Each bouton identified at the light microscopic level Three terminals synapsed with a single dendrite and 3 terminals synapsed individually with different dendrites. Thus of the 23 synaptic connections that arose from 22 terminals and 1 nonvaricose section of axon, Ն19 (82.6%) formed one of several contacts with an individual postsynaptic element. Together, these data demonstrate that individual GP neurons commonly form multiple synaptic contacts with both the somatic and dendritic compartments of individual STN neurons.
Another remarkable feature of the GP-STN connection is the spatially distributed nature of the clusters of GP-STN terminals that arise from individual GP neurons. This can be appreciated qualitatively from Fig The spatially distributed nature of GP-STN terminal fields was confirmed by calculating the proportion of the STN that each field occupied using the Cavalieri technique to estimate the volume of the terminal field at its maximal extents and the volume of the STN in each animal. Here again, data from Wistar and Sprague-Dawley rats were pooled because the field volumes (expressed as percentages of STN volume) were similar (Wistar ϭ 4.1 ϩ 2.8%, n ϭ 6; Sprague-Dawley ϭ 3.3 ϩ 2.6%, n ϭ 4). Although an individual GP neuron represents only 0.0023% of GP neurons, the average volume of the STN occupied by each terminal field was 3.8 Ϯ 2.6% (range, 0.95-8.49%). Taken together, the data demonstrate that the axon terminals of individual GP neurons are arranged in small clusters that are sparsely distributed across a large extent of the STN. Furthermore, because single GP axons often form multiple synaptic contacts with single STN neurons, the degree of divergence and convergence in the GP-STN connection is likely to be considerably more restricted than the 2% connectivity estimated in the previous section.
Physiological properties of the GP-STN connection
To investigate the physiological properties of the GP-STN connection, GABA A receptor-mediated GP-STN transmission was studied using patch-clamp recording of STN neurons in brain slices. Given that the GP represents by far the major source of GABAergic inputs to STN neurons Shink et al. 1996; Smith et al. , 1998 , it was assumed that the majority of evoked IPSCs and mIPSCs arose from GP-STN axons.
SINGLE GP-STN AXONS COMMUNICATE WITH SINGLE STN NEURONS
VIA MULTIPLE SYNAPSES. The structural organization of the GP-STN connection elucidated above suggests that single GP-STN axons often communicate with single STN neurons through multiple sites of transmitter release. To determine whether GP-STN axons exhibit corresponding physiological properties, the minimal stimulation technique was employed to evoke transmission from single GP-STN axons (Fig. 5) . Gradually increasing the amplitude of stimulation in 0.5-to 10-A steps led to the generation IPSCs with a distinct threshold. At stimulation threshold, large IPSCs of variable amplitudes were interspersed with complete failures in transmission (Fig. 5, A  and B) . In some cases, it was possible to further increase the amplitude of stimulation beyond threshold so that the number of transmission failures declined but the mean amplitude of minimally evoked IPSCs remained constant. The peak conductances underlying the mean and maximal responses evoked by minimal stimulation were calculated to be, respectively, 6.82 7.19 nS (range 0.51-25.33 nS, n 24) and 11.32 10.61 nS (range 1.08 -41.9 nS, n 24). To compare the conductances underlying putative single axon responses and transmission at single GP-STN synapses, GABA A receptormediated mIPSCs were recorded in the presence of the selective Na v channel blocker tetrodotoxin, TTX (Fig. 5, C and D) . mIPSCs occurred at a frequency of 3.1 1.7 Hz (n 17 neurons) and were associated with significantly smaller mean and maximal conductances (mean conductance 0.73 0.26 nS, range 0.38 -1.42 nS, P 0.001, MWU test; maximal conductance 3.06 1.10 nS, range 1.48 -5.59 nS, P 0.009, MWU test). Because the conductances associated with miniature transmission were significantly smaller than the conductances generated by minimal stimulation, the physiological data support the view that individual GP-STN axons communicate with individual postsynaptic STN neurons through the release of GABA at multiple synaptic connections.
NEIGHBORING STN NEURONS RARELY RECEIVE COMMON GP-STN IN-
PUTS. The structural organization of the GP-STN connection elucidated in the preceding text suggests that STN neurons rarely share inputs from the same GP-STN axon. To determine whether GP-STN axons possess corresponding physiological properties, neighboring STN neurons (within 25 m of each other) were recorded simultaneously in the whole cell voltageclamp configuration during the minimal stimulation of a putative, single GP-STN axon (Fig. 6, A-C) . Given their close proximity, neighboring neurons were likely to reside in a homologous functional territory and to have received a similar degree of deafferentation during slice preparation. Gradually increasing the intensity of electrical stimulation in 2-10 A steps led in each case to the sudden appearance of an evoked IPSC in only one neuron of each neuron pair tested (7 pairs). The magnitude of the evoked IPSC varied considerably in amplitude from trial to trial. Thus large, intermediate-sized IPSCs and apparent failures of transmission were observed. In five pairs of neurons, the poles of electrical stimulation were then altered and the intensity of stimulation was again gradually increased until responses were first detected. For some combinations of electrodes, minimal stimulation evoked IPSCs in the previously unresponsive neuron but not in the previously responsive neuron (3 pairs). Taken together, these data suggest that neighboring STN neurons rarely receive common GABA A receptor-mediated inputs from the same GP-STN axons.
IMPACT OF THE GP-STN CONNECTION ON AUTONOMOUS STN AC-
TIVITY. GABAergic inputs from the GP have previously been shown to reset the autonomous firing of postsynaptic STN neurons through membrane hyperpolarization and the subsequent deactivation of postsynaptic Na v channels and thus have the potential to powerfully synchronize STN activity (Baufreton et al. 2005; Bevan et al. 2002) . To estimate the number of synaptic inputs that are required for resetting and synchronization, the dynamic-clamp technique (Robinson and Kawai 1993; Sharp et al. 1993 ) was utilized to synthesize a range of GABA A receptor-mediated inputs from the GP. The magnitude and kinetics of the underlying synaptic conductance waveforms were guided by our anatomical data and measurements of minimally evoked and miniature GP-STN transmission, described in the preceding text. that were recorded simultaneously in the whole cell configuration. B: superimposed (left; 50 trials) and mean (right) responses of neurons 1 and 2 to minimal stimulation of the internal capsule. The gray dashed lines indicate the onset of electrical stimulation. Numerous spontaneous IPSCs were also detected. C: as for B except that a different combination of electrodes were chosen for minimal stimulation. Note that different neurons respond to each stimulus and that minimally evoked IPSCs varied greatly in amplitude in both neurons.
7.0 3.0 ms, t decay1 range 3.9 -11.6 ms; A 2 12.5 5.0%, A 2 range 3.0 -17.5%; t decay2 33.9 19.7 ms, t decay2 range 11.9 -64.0 ms, R 0.97 0.01, R range 0.96 -0.98). On the basis of these values, two conductance waveforms were generated, each possessed a 10 -90% rise time of 0.8 ms but differed slightly in their decay kinetics. One waveform decayed with monoexponential kinetics (t decay 10 ms), whereas the other waveform decayed with biexponential kinetics (the relative amplitude and time constants of decay were A 1 89.7%, t decay1 7 ms, A 2 10.3%, t decay2 35 ms). The equilibrium potential of the GABA A receptor conductance was set to -84 mV, as determined by earlier studies employing gramicidin-based perforated patch recording (Bevan et al. , 2002 . The impact of synthetic GABA A receptor-mediated IPSPs on the autonomous activity of 7 STN neurons was studied. Five were recorded using the gramicidin-based perforated-patch configuration and two were recorded using the whole cell configuration. The data derived from conductance waveforms with different decay kinetics or different recording modes were similar and were therefore pooled.
In the presence of AMPA-kainate, NMDA, GABA A , and GABA B receptor antagonists, STN neurons fired autonomously at 7.8 2.6 Hz (range 5.5-13.3 Hz). Autonomous firing was highly regular as evidenced by the low coefficient of variation (CV) of interspike intervals (CV 0.12 0.05, range 0.06 -0.20). The responses of each neuron to synthetic IPSPs were then recorded for 20 trials per conductance level (Fig. 7) . As the conductance underlying synthetic IPSPs increased, several effects were observed: progressively longer pauses in activity both within neurons and across the sample population were generated; IPSPs more effectively reset the oscillatory cycle underlying autonomously generated action potentials, as evidenced by a progressive reduction in the A pause in activity and resetting of action potential generation is discernable for 5-to 25-nS IPSPs. The variability in the timing of action potentials generated after each IPSP decreased as the conductance increased over the 5-25 nS range. B: population data for the latency (left) and SD (right) of the 1st action potential generated after each IPSP plotted against the underlying conductance (g IPSP ). Data from each neuron tested (n 7) are represented by a distinct color and symbol (neuron in A is denoted by purple lines and symbols). The color code is consistent with Fig. 8 . C: population data for the peak hyperpolarization generated by each IPSP (IPSP peak , left) and the magnitude of each IPSP (IPSP magnitude membrane potential at which IPSP was evoked -IPSP peak , right) plotted against the conductance underlying each IPSP. The peak of the IPSP progressively approached the equilibrium potential of the synaptic input and increased in magnitude as the conductance increased.
variability or "jitter" (SD of latency) of action potentials following each IPSP; and the magnitude and peak hyperpolarization of IPSPs increased such that at 25 nS (equivalent to 34 synaptic inputs) the membrane potential was consistently driven within a few mV of the equilibrium potential of the GABA A receptor conductance. Given that each STN neuron receives input from 883 GP-STN synapses, these data suggest that synchronous transmission at only a small fraction of GP-STN synapses is sufficiently powerful to reset the oscillatory cycle underlying the autonomous activity of STN neurons in vitro.
To determine the magnitude of conductances that are necessary to produce correlated/synchronized activity in STN neurons (the autonomous activity of which varies independently in frequency and rhythmicity) trials from each of the seven neurons tested above were aligned to the onset of conductance injection and population peristimulus time histograms were generated (Fig. 8 ). Significant correlations in activity were deemed as counts with less than or greater than the mean count 3 SD before conductance injection. Significantly correlated activity was observed for conductances of 5-25 nS (equivalent to 7-34 synaptic inputs). Both the pauses in activity produced by each IPSP and the action potential(s) following each synthetic IPSP were significantly correlated and the degree of correlated activity progressively increased as the conductance increased from 5 to 25 nS. Together these data suggest that the autonomous activities of STN neurons can be synchronized by synchronous transmission at a small fraction of their inputs from the GP in vitro.
D I S C U S S I O N
The findings of the present study suggest that the paucity of temporally correlated activity between the GP and STN is due to the sparsity and selectivity, rather than the potency, of GP-STN synaptic connections.
Pattern of connectivity of GP-STN axons
Because of the limitations of tract-tracing methods for the precise quantification of connectivity between regions of the brain, we employed single-neuron labeling and stereological sampling to estimate the maximal divergence and convergence in the GP-STN connection. We demonstrated that individual GP neurons maximally contact only a small proportion (2%) of STN neurons and individual STN neurons maximally receive input from a similarly small proportion (2%) of GP neurons.
Comparison of GP-STN terminal fields with simulated fields confirmed that GP-STN terminals arising from individual GP neurons are arranged in clusters that are sparsely distributed Fig. 7 ) illustrating the action of synthetic GABA A receptor-mediated IPSPs (that were generated at 0 s with underlying conductances of 1-25 nS) on autonomous firing. A peristimulus time histogram (PSTH) is to the right of its respective raster plot. The black line on each PSTH represents the mean number of action potentials per time bin of 10 ms in the period ( 1.5 to 0 s) before synthetic inhibition. The gray lines represent the mean 3 SD of action potentials per time bin before inhibition. Correlated activity, as shown by significant peaks and troughs in the PSTHs, was observed for synthetic IPSPs with underlying peak conductances of 5-25 nS. The degree of correlation increased progressively as the conductance underlying the synthetic IPSP increased.
across large expanses of the STN. Thus most closely neighboring STN neurons are not innervated by the same GP neurons. The wide distribution and low density of innervation is similar to other axonal projections in the basal ganglia and may reflect a common design principle that minimizes correlated activity, and thus redundancy, in the firing patterns of neighboring postsynaptic neurons within homologous functional domains (Kincaid et al. 1998) .
In common with other target structures of GP neurons (Bevan et al. 1997 Sadek et al. 2007; , correlated light and electron microscopic analyses confirmed that clusters of GP-STN terminals arising from single GP axons often formed multiple synaptic contacts with somatic and/or dendritic domains of individual postsynaptic neurons. At least six terminals were observed in synaptic contact with an individual postsynaptic element, although this number is unlikely to represent the maximal limit of innervation. It is, however, unlikely that individual GP neurons innervate only a single STN neuron because terminals arising from single GP neurons formed clusters around the somata of multiple, widely distributed STN neurons. Furthermore, axosomatic synapses and synapses with distal dendrites were observed in close proximity and are thus unlikely to represent inputs to the same neuron. Individual GP-STN terminals may also form multiple synaptic contacts with individual STN neurons, as suggested previously (Bevan et al. 1997; ). Indeed in support of this mode of transmission, our estimate of GP-STN synaptic connections exceeded our estimate of GP-STN synaptic terminals. Unfortunately, heavy presynaptic labeling with DAB reaction product precluded a more definitive determination of the number of synaptic connections of individual GP-STN terminals.
Each identified GP neuron contacted the somata, proximal, and distal dendrites of STN neurons and therefore unlike cortical or striatal GABAergic interneurons (Klausberger and Somogyi 2008; Tepper et al. 2008) , cannot be subdivided with respect to their selective innervation of postsynaptic domains. In general, axosomatic GABAergic inputs play a role in the timing of action potentials, whereas axodendritic inputs are important for locally regulating the integration of excitatory glutamatergic inputs, which are often directed to dendrites and dendritic spines (Cobb et al. 1995; Miles et al. 1996; Person and Perkel 2005) . Individual GP neurons could therefore simultaneously influence multiple compartments of individual postsynaptic STN neurons and/or subserve different roles in targeted neurons by innervating distinct domains.
Physiological properties of GP-STN connections are concordant with their pattern of connectivity
Comparison of the conductances underlying minimal stimulation-evoked IPSCs and mIPSCs confirmed that minimal stimulation generated mean and maximal synaptic conductances that greatly exceeded those underlying miniature synaptic transmission. These data therefore suggest that single GP-STN axons typically communicate with individual STN neurons through transmission at multiple rather than single synapses and thus provide functional evidence in support of the anatomical data. Minimal electrical stimulation of single GP-STN axons also revealed that neighboring STN neurons largely receive inputs from different GP neurons. This observation supports the anatomical data, which demonstrated that individual GP neurons maximally make connections with only 2% of STN neurons and GP-STN terminals are sparsely distributed across the STN and thus form connections with similarly distributed postsynaptic neurons.
The dynamic-clamp data suggests that GP-STN inputs have the capability to potently reset and thus synchronize autonomous STN activity. Synthetic inhibition arising from only seven synapses (5 nS) interrupted STN activity and partially reset its phase. Over the 7-34 synapse range (5-25 nS), inhibition was progressively more effective-the peak of the synthetic IPSP was driven closer and more consistently to the equilibrium potential of GABA A receptor current, which presumably led to more consistent deactivation of Na v channels that underlie autonomous firing (Baufreton et al. 2005; Beurrier et al. 2000; Bevan and Wilson 1999; Do and Bean 2003) . Inhibition representative of transmission at only 14 -21 GP-STN synapses had a near maximal impact on resetting and synchronization. Given that each STN neuron receives almost 900 GP-STN inputs, the data suggest that the GP-STN connection is potent and that there is a massive reserve of GABAergic inhibition in the STN. Because the conductances underlying miniature GABAergic transmission in the STN are similar to those seen in other brain regions (Kraushaar and Jonas 2000; Pedroarena and Schwarz 2003) , the potency of GP-STN inhibition is likely to be a reflection of the high-input resistance of STN neurons (Carter and Regehr 2002) and the hyperpolarized equilibrium potential of GABA A receptor-mediated current (Bevan et al. 2002) . The apparent potency of GP-STN inhibition, as suggested by our rudimentary dynamicclamp studies, should, however, be further qualified. GP-STN synaptic transmission is subject to activity-dependent depression. At 10-and 50-Hz transmission, the amplitude of the steady-state IPSC depresses to ϳ61 and 44%, respectively, of its initial level (Baufreton and Bevan 2008) . Given that rodent GP neurons discharge in this frequency range in vivo Urbain et al. 2000) , both the potency of unitary synaptic connections and the maximal level of inhibition may be reduced considerably. Presynaptic dopaminergic neuromodulation, which reduces the probability of transmitter release, may similarly moderate the potency of GP-STN transmission in vivo (Abbott and Regehr 2004; Baufreton and Bevan 2008; Shen and Johnson 2000) . Ongoing inhibitory and excitatory synaptic activity in vivo could also limit or modify the effectiveness of GP-STN synaptic inputs (Destexhe et al. 2003) , although other studies suggest that the level and impact of synaptic activity in vivo may be less substantial (Margrie et al. 2002; Waters and Helmchen 2006) . Finally, application of the dynamic clamp technique to the soma more closely mimics somatic and proximal rather than distal dendritic GP-STN synaptic inputs. Given the proximity of somatic and proximal dendritic GP-STN inputs to axonal Na v channels that underlie autonomous activity (Atherton et al. 2008) , the dynamic clamp technique, as applied here, may therefore have simulated the most effective inhibitory inputs.
Implications for GP-STN activity
The sparse but selective and potent innervation by single GP neurons of a small fraction of STN neurons that are widely distributed across the nucleus is likely to be of fundamental significance for the level of correlated firing in GP and STN neurons in vivo (Terman et al. 2002) . The data suggest that the GP-STN connection is sufficiently potent to produce correlated STN activity but is so sparse and selective that technologies that sample neuronal activity at low density (Buzsaki 2004) have a low probability of recording connected GP and STN neurons Mallet et al. 2008a; Raz et al. 2000; Urbain et al. 2000; Wichmann et al. 1994) . In contrast, the relatively promiscuous connectivity of cultured networks may have facilitated the detection of correlated activity in organotypic co-cultures (Plenz and Kital 1999) but not ex vivo preparations of the GP and STN (Loucif et al. 2005) .
In PD widespread correlated activity emerges in GP and STN neurons. The most common form is synchronization of STN neurons in the 13-30 Hz (␤) band (Brown et al. 2001; Levy et al. 2000 Levy et al. , 2001 Mallet et al. 2008b ). The highly selective, restricted connectivity of the GP-STN connection implies that GP neurons must themselves be broadly synchronized if they are to participate in the pathological synchronization of STN neurons. A candidate mechanism is cortical ␤ band activity that induces widespread but weak synchronization of STN neurons, which, in turn, excite and synchronize GP neurons, which, through feedback inhibition, further synchronize STN neurons and enhance their excitation by the cortex (Baufreton et al. 2005) . Recent recordings from the parkinsonian GP-STN network in vivo support this mechanism (Mallet et al. 2008a ). The loss of presynaptic dopaminergic neuromodulation of GP-STN connections in PD may additionally enhance correlated activity (and the probability of its detection) by increasing the initial probability of transmitter release from GP-STN terminals and thus maximizing (at least phasically) the strength of GP-STN transmission (Baufreton and Bevan 2008; Shen and Johnson 2000) .
In conclusion, the sparse and selective connectivity we define here is likely to be a major determinant of the decorrelated activity pattern of the GP-STN network during normal rest. Additionally, we show that GP-STN transmission could theoretically exert a potent but discrete synchronizing influence, which appropriately constrained, could be important for more dynamic behavior. The nature of the connection also suggests that excessively synchronized GP output, as arises in PD, may be a key factor in the pathological hyper-synchronization of the STN.
